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Introduction
Thirty years after the discovery of Buckminsterfullerene (C 60 ) through vaporization of graphite by laser irradiation 1 , the excellent properties and potential applications of this unusual carbon allotrope continue to drive considerable scientific inquiry 2 . Since their initial discovery, C 60 fullerenes have found broad technological relevance in polymer-fullerene solar cells [3] [4] [5] [6] , drug delivery [7] [8] , and proposed hydrogen storage devices 9 . The unusual shape and properties of C 60 have motivated study of its formation mechanism both theoretically 10 and experimentally 11 . Soon after the discovery of the carbon-based fullerene, isoelectronic boron nitride fullerenes were synthesized by electron beam irradiation 12 and later with more success through the arc-melting method in a wide size range (B n N n , n=12 13 , 24 [14] [15] , 28 15 , 36 [15] [16] [17] , and 48 15 ). These structures differ from C 60 in that they are proposed to only have even-membered rings with polar B-N bonds, although transition metal dopants [16] [17] have also been observed to be present due to synthesis conditions. We note that elemental boron, in particular, is well known to produce unusual chemical bonding and allotropes [18] [19] . Recently, hollow nanocage structures have been made from other elements, including an all boron fullerene 20 and multilayered inorganic MoS 2 [21] [22] [23] [24] and MoSe 2 21 fullerene-like structures.
First-principles simulation can provide valuable insight into the relationship between the unusual geometric structure and associated electronic properties for both fullerenes that have been experimentally isolated and those that may yet still be synthesized. Of all of the binary fullerenes, boron nitride structures have been the primary focus of numerous computational semiempirical 25 and density functional theory (DFT) [26] [27] [28] [29] [30] [31] [32] [33] studies, primarily at sizes commensurate with experimentally characterized BN fullerenes [25] [26] [27] [29] [30] [31] [32] , especially B 36 N 36 [26] [27] [29] [30] [31] allotropes, or slightly larger structures 28, 33 . Simulations have estimated the 72-atom fullerene to be most stable when 6 four-membered and 32 six-membered rings are present 26 , although there has been some exploration [28] [29] of line defects, octagons, decagons and dodecagons or with transition metal dopants 30 and hydrogenated structures 33 . Beyond boron nitride, there have been fewer studies of binary compounds comprised of other elements, and typically the focus has been on III-V and II-VI binary A n B n fullerenes with light elements [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] (A=boron, aluminum, zinc; B=nitrogen, phosphorus, oxygen, sulfur) and small size [34] [35] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] (n=12). There are a few exceptions in the literature with heavier elements 45, [47] [48] [49] (A=gallium, cadmium; B=arsenic) and larger sizes [36] [37] [48] [49] , and binary IV-IV Si 12 C 12 35 and homogeneous boron fullerenes [50] [51] have also been considered. One notable exception is a study by Beheshtian and coworkers 34 who focused on a broader view of the role that element substitution plays in A 12 B 12 (A=boron, aluminum; B=nitrogen, phosphorus) fullerene properties. In addition to fundamental property studies, some investigations have focused on the potential of binary or ternary III-V [52] [53] or II-VI [54] [55] [56] fullerenes in nanotechnology as gas sensors, for drug delivery 57 , or as hydrogen storage materials [58] [59] [60] [61] [62] .
Despite numerous theoretical studies of structural, energetic, and electronic properties of III-V and II-VI binary fullerenes, a thorough analysis of fullerenes throughout the periodic Analysis. Coordination numbers (CNs) of individual atoms in fullerenes and NPs are assigned based on rescaled covalent radii of A and B atoms. The cutoff for an A-B bond was assigned as:
where r cov A is covalent radius of A atom and r cov B is covalent radius of B atom. The tabulated distance cutoffs for A-B bonds in all studied materials are summarized in Supporting Information preserves coordination and qualitative structure with no bond rearrangement. However, the alternating short and long bond lengths in the initial structures become more comparable after geometry optimization (see Supporting Information Table S3 ). This unchanged coordination
indicates that the fullerenes are stable local minima, but comparison to other allotropes is needed to infer global stability. We used nanoparticles (NPs) cut from bulk crystal structures, as is common practice in semiconductor NP studies [73] [74] , with the same number of atoms as a fullerene in order to provide a candidate low energy reference (see Supporting Information Figure S1 ). For consistency, we geometry optimized these unpassivated NP structures. The average initial CN for the spherical NPs is 3, the same as in a fullerene. NP geometry optimizations result in surface rearrangement, increasing the average CN of each compound to between 3.1 and 3.7 (see Supporting Information Table S4 ). Although we expect the NPs to be more stable than the fullerene structures due to higher average CNs in the optimized NPs, there is a trade-off with some surface atoms (CN < 3) in the reconstructed NPs.
In order to determine the relative stability of A 36 B 36 fullerenes, we define a relative energy per pair of A, B atoms in optimized fullerenes (E(FL)) with respect to those in the optimized NP (E(NP): 
We have previously used a similar metric in the analysis of amorphous InP cluster stability 75 .
Interestingly, the fullerenes are more stable than NPs (i.e., the energy per pair is negative) for almost all materials studied ( Figure 2 ). These observations suggest, for instance, that the fourmembered rings present in the fullerenes do not induce significant strain, which we will consider in more detail shortly when we compare to other fullerene allotropes that lack four-membered rings. Figure S2 ). In order to test the transferability of the observed trend, we investigated whether group IV single-element A 72 fullerenes (A=C, Si, Ge) stability would follow the same trend as the (Figure 3 ).
3b. Electronic Properties of A 36 B 36 Fullerenes
We then studied the role that elemental composition plays in determining electronic
properties of the A 36 B 36 fullerenes. Band gaps may be obtained from total energy differences of cationic, anionic, and neutral species, which is commonly called the ∆-SCF method [76] [77] Table S5 ). Confinement effects in the 0D fullerene structure as well as the slight overestimate of band gaps previously noted for ωPBEh explain this difference with respect to the bulk crystal structure. In contrast with overall trends, we note several exceptions to the band gap reduction with increasing mass. Interestingly, these exceptions in our DFT calculations (AlP, GaP > BP and AlAs > BAs) follow trends observed in experimental bulk crystal band gaps. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 60 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Figure S7 ). Table S7 ).
In the A 30 B 30 structures, the bond lengths become more disparate, corresponding to the distinct A-B, A-A, and B-B bonds (see Supporting Information Table S8 ). (Figure 7 ). This observation is in stark contrast to carbon-based fullerenes where C 60 is an exceptionally stable carbon allotrope [87] [88] . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 membered rings, passivated the structures with hydrogen atoms, and computed the relative energies of geometry-optimized four-and five-membered rings with respect to optimized sixmembered rings (Figure 8 ). These energy penalties ( E penalty   4 for four-membered rings and E penalty 5 for five-membered rings) are computed as follows: six-membered ring molecules. The energy penalties of both four-and five-membered rings decrease with increasingly heavy anion atoms, but the relative stability of four-and fivemembered rings varies across the studied materials (Table 2) . If bond strain is the largest factor, then four-membered ring energies will always be higher, whereas five-membered rings are expected to be unstable due to the lower favorability of nonpolar bonds with respect to their polar counterparts. The BN, AlN, AlP, AlAs and GaN materials penalize the five-membered ring structures more than four-membered rings, whereas all the other III-V materials show the reverse trend. In previous work 75 , we identified P-P bonds to be favorable in amorphous InP clusters, consistent with a lower five-membered ring penalty than four-membered ring penalty in this material (see Table 2 ). The more ionic nature and larger size of the substituents in II-VI materials results in a much larger penalty for the nonpolar bond-containing five-membered ring structures and relatively small penalties for the four-membered rings. 
The relative A 30 B 30 to A 36 B 36 fullerene energies correlate very well (R 2 =0.92) with the ringderived energy penalty differences between the two structures ( Figure 9 ). Therefore, our 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 equivalent bond order. For the heavier group IV A 60 (A=Si, Ge), the four-membered rings in the fullerene structures are twisted instead of flat, leading to a more representative energetic contribution from the isolated four-membered ring structure. 
We then examined possible correlations between the relative energies of each fullerene structure with all previously studied materials property descriptors of underlying atoms (e.g., electronegativity or covalent radius) and structure-specific properties (e.g., four-or fivemembered rings). From several combinations, we obtained a descriptor, β, which is correlated to the relative stability for all three fullerene structures: 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 influence on the fullerene stability, suggesting topology of the fullerene, as described by constituent ring structure energetics, is much more relevant than the size. 
Conclusions
We have carried out a systematic study of the role of elemental identity in determining 
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